Introduction transcriptomes (Fig. 1) . Because of the duplicative nature of olfactory receptors, careful consideration was 1 3 4
given to designing the pipeline for Illumina read quality control and assembly. Reads that are too short, receptors (Zepeda Mendoza et al. 2018) . The genome was sequenced using Illumina, and after refinement 1 3 8
by the Dovetail protocol, resulted in ~2Gb genome with a mean coverage of ~233X and a final N50 = 1 3 9 26.9 Mb. Each assembly approach was compared to the genome by mapping assembled contigs to the Tissue collection: For RNA-Seq, we generated the tissue-specific transcriptome of the main olfactory contains the entire nasal cavity, was immediately removed from the specimen and placed in a vial of 1 4 7
Qiagen RNAlater and left to soak overnight at 4˚C to allow complete permeation of the tissue. The (http://busco.ezlab.org/).
9 0
Olfactory receptor identification: A published pipeline, Olfactory Receptor family Assigner (ORA) v. 1.9.1, tailored to specifically identify mammalian olfactory receptors and classify each receptor into its sequencing approach. ORA is a set of Bioperl (v. 1.006924) scripts that implement hidden Markov 1 9 4 models trained on conserved protein sequence motifs of mammalian olfactory receptors via HMMER v. 3.1b2 (Eddy 2010). This method has been shown to be robust, with low false positives rates, and has been 1 9 6 used to identify olfactory receptors and their open reading frames across mammals, including bats 1 9 7 (Hayden et al. 2010 (Hayden et al. , 2014 . An E-value threshold of 1e-10 for sequences matched in the database was bp, as it is impossible to distinguish transcribed pseudogenes from degraded transcripts at short lengths. D. rotundus using PCR with two pairs of degenerate primers (for Class I and Class II OR genes), isolated 2 0 2 each gene by cloning, and sequenced the receptors using Sanger sequencing (Hayden et al. 2014) . Given 2 0 3 the low error rates of Sanger sequencing, this provided an opportunity to explore the different methods for 2 0 4 sequencing olfactory receptors, and to assess whether the higher error rates of Illumina significantly 2 0 5 affected sequencing of OR genes. As the degenerate primers bind to conserved regions within the reading 2 0 6 frame, recovered sequences were incomplete, only ~700-750 bp (Fig. 1) . The amplicons were obtained 2 0 7 using degenerate primers and only a few clones were selected. Since the olfactory receptor repertoire may 2 0 8 be quite large, the amplification step has the potential to introduce primer bias, which is then exacerbated 2 0 9 by reduced representation. were used to design probes for an olfactory receptor targeted sequence capture. Pooling 3,814 2 1 2 chemosensory genes from twelve species of bats (Table S1) , probes were designed from RNA-Seq data to 2 1 3 make 120-bp probes with 2X tiling density. The initial raw number of probes was 45,052, and given the 2 1 4 duplicative nature of the genes, we clustered similar probes with 95% nucleotide identity of one another.
1 5
The final probe count was 16,468 custom targets designed for chemosensory genes. All but one species of 2 1 6 bat used in the probe design were sampled from the Noctilionoidea superfamily, a monophyletic clade 2 1 7 that shared a common ancestor within the last 40Ma. Probes were designed and synthesized by Arbor Biosciences (Ann Arbor, Michigan) using myBaits technology; they also performed library preparation, individual than the one used for the transcriptome was also sequenced here. DNA was extracted from from Qiagen (69504). Target sequences captured by the probes were sequenced using Illumina 2 2 5 sequencing technology following enrichment. Reads were first trimmed for quality using the same 2 2 6 bbduk.sh script from the transcriptome assembly and exact duplicate reads were removed using ParDRe 2 2 7 v. 2.2.5. To assemble the reads into receptor contigs, a target from the probe design were used to map and Genome mapping and recovery sensitivity analyses: Mapping to the same location in the genome was 2 3 1 used to assess whether the same receptor was recovered in sequencing and assembly approaches. We v. 2017-01-14 (Wu and Watanabe 2005) . We first indexed the genome with gmap_build using a kmer 2 3 4 value of 12. We then identified the olfactory receptor coding sequences from the genome using the ORA receptors, and receptors assembled from targeted sequence capture were mapped using GMAP, with 2 4 0 settings for which there was at least 50% overlap with the receptor coordinates in the genome to account 2 4 1 for partially assembled receptors to map. We allowed for mappings with 95% identity, as this was the mapped to multiple locations, the location with the highest sequence identity and mapping quality was used. Receptor mapping localities that intersected with those in the genome were determined using the We performed a sensitivity analysis to quantify the recovery of all assembled olfactory receptors. to the genome was considered a "true positive". A receptor that was present in the genome, but not found 2 5 3 in another method was considered a "false negative". Specificity in this case should be interpreted with locations (Fig. 4) . We then removed sequences that failed to map, and receptors that redundantly mapped genes were recovered and 73% of receptors were recovered for the targeted sequence capture (Fig. 4) .
Only 20 receptors of the 384 protein-coding genomic sequences were consistently recovered by the three 3 1 7 approaches, spread across different OR subfamilies. The amplicon data has a clear underrepresentation of 3 1 8 certain subfamilies, particularly in the Class I receptors (Fig. 4) , while the transcriptome provides a more 3 1 9 even representation survey of olfactory receptors in different subfamilies. to the localities of the protein-coding genes identified from the genome (i.e., the receptors mapped to 3 2 2 unannotated locations in the genome). We still considered these "true" receptors since they exist in the not annotated in the genome. Three "true" receptors were found in the Sanger-sequenced amplicons, transcriptome, and targeted bait capture and six "true" receptors were found in the Sanger-sequenced amplicons and targeted bait capture but were not annotated in the genome (Fig. 5 ). There were five 3 2 7
receptors from Sanger-sequenced amplicons, six receptors from the transcriptome, and 28 receptors from 3 2 8 the targeted bait capture that mapped to the genome but were not recovered in any other sequence We performed sensitivity analyses to quantify the assembly of receptors within the scope of all 3 3 1 possible receptors that may be in the genome (Fig. 6) . From the pool of all possible receptors determined 3 3 2 from locations in which at least one receptor mapped from one of the sequencing approaches, a total of for each assembly approach. The highest sensitivity was for the protein-coding genomic sequences at 0.83
(95% confidence intervals: 0.79, 0.87), followed by the targeted sequence capture at 0.77 (0.73, 0.81), the 3 3 6 transcriptome at 0.45 (0.40, 0.50), the Sanger-sequenced amplicon receptors were the least sensitive at 3 3 7 0.15 (0.12, 0.19) (Fig. 6) . In this study, we compared three methods to recover high-quality sequences for multigene families in 3 4 0 non-model species lacking reference genomes. We used olfactory receptors, the largest protein-coding 3 4 1 gene family in the mammalian genome, to illustrate advantages and differences in sequencing and 3 4 2 assembly approaches. By comparing to genomic sequencing data, we showed that targeted sequence MOE specific transcriptomes can also recover a proportion (~48%) of olfactory receptors; however, we found that no method, including high-coverage, high-quality whole-genome sequencing, resulted in a 3 4 7 complete inventory of olfactory receptors. We also found that amplicon-based approaches previously 3 4 8 used to characterize olfactory receptor repertoires produced inventories that were both the least complete and the most biased in terms of olfactory subfamily representation.
Comparisons of the performance of sequencing and assembly for large gene families are rare, and compared different assemblers in their ability to recover the maximum high quality chemosensory This study compared de novo assemblies of all reads, de novo assemblies guided by the mouse reference genome, and assemblies of reads that only mapped to MHC-Ib loci in the mouse genome. In this analysis, combined receptors from up to nine different assemblies (Brand et al. 2015) . We found hundreds of be functional (Prieto-Godino et al. 2016) . Though outside the scope of this study, it will be worthwhile to 4 1 0 take a closer look at the patterns of pseudogene expression in these data sets. Some receptors were present in some assemblies, but not in others ( Fig. 4; 5) . Even though we into the assembly and resulted in chimeras, or the reads may have been too few to sufficiently recover the performed poorly relative to other methods (Fig. 4, 5) . The amplicon data exhibited the highest failure 4 3 3 rate of receptors mapped to the genome and highest rate of receptors mapping to multiple loci (Fig. 2) . analysis was obtained by cloning olfactory receptors amplified using two sets of degenerate primers, one 4 3 8 set for Class I genes and another for Class II genes (Hayden et al. 2014) . The study implemented a 4 3 9 statistical "mark-recapture" analysis to determine the probability that all olfactory receptors were 4 4 0 amplified, and set the threshold for the ratio of observed olfactory receptors to expected numbers to 25% 1 9 with the amplicon data is the low representation, particularly in the Class I subfamily. The low diversity 4 4 3 may be due to degenerate primer bias or clone selection bias, and this is portrayed in the clustered nature mammalian olfactory receptors that can span over 1,000 genes is insufficient for complete representation. Amplicon-based olfactory receptor analyses can be a good introductory point to documenting the 4 4 9 diversity of mammalian olfactory receptors, however, it appears caution should be used when interpreting Sanger sequencing has very low base calling error rates relative to high-throughput methods, does not 2007; Han et al. 2009; Zhao et al. 2015) . These models rely on the assumption that all copies of the gene probe and primer design, as with our sequence capture data set. Thus, understanding the caveats and Hasin Y., T. Olender, M. Khen, C. Gonzaga-Jauregui, P. M. Kim, et al., 2008 High-resolution copy-5 3 4 number variation map reflects human olfactory receptor diversity and evolution. PLoS Genet. 4. generation sequencing technologies to sequence multigene families in de novo species. Mol. Ecol. assemblies, a cautionary tale with the snakelocks sea anemone Anemonia sulcata (Pennant, 1977) . 
